Heteroatom-doped carbon materials as alternative catalysts for oxygen reduction reaction (ORR) have drawn increasing attention due to their tunable chemical and electronic structures for achieving high activity and stability. However, there still remains a great challenge to fabricate porous heteroatoms dual-doped carbons with uniformly doping in a facile and controllable way. Herein, imidazole/imidazolium-functionalized metal-organic frameworks (MOFs) are employed as precursors and templates to achieve porous nitrogen and halogen dual-doped nanocarbons. Among these carbon materials, the as-prepared nitrogen/bromine dual-doped catalyst BrNC-800 exhibits the best ORR performance with a positive half-wave potential at 0.80 V (vs. RHE) in 0.1 mol L −1 KOH, which is comparable to the benchmark commercial 20 wt% Pt/C catalyst. BrNC-800 shows excellent long term stability and methanol tolerance. This work provides a facile approach to fabricate highly efficient heteroatoms dual-doped carbon catalysts for energy conversion.
INTRODUCTION
Oxygen reduction reaction (ORR) is one of the most important cathodic reaction in the anion-exchange membrane based alkaline fuel cells (AFCs) [1, 2] . However, high loading of expensive and scarce Pt-based catalysts is employed to overcome the intrinsically sluggish kinetics of ORR, which leads to high cost and hinders its large-scale application [3] [4] [5] [6] [7] [8] . Various approaches have been conducted to lower Pt content or avoid the use of Pt by fabricating Pt-based alloys and non-noble-metal catalysts (NNMCs) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among these NNMCs, carbon-based materials doped with hetero-atoms, such as N [21] [22] [23] , B [24, 25] , P [26] , S [27] , halogen [28, 29] have been developed because their different electronegativity can affect the charge distribution of adjacent carbon atoms and thus create the active sites and enhance the oxygen reduction activity [12, 21, 30] . Although the porous carbons with multiple heteroatom co-doping, such as S/N [31] [32] [33] [34] , P/N [35] , N/ F [36, 37] appear to be candidates for ORR catalysts [32, 38, 39] , the fabrication of porous nitrogen and halogen dual-doped carbon catalysts with uniform doping and high ORR activity is rarely reported.
Traditional methods of doping halogen into carbon usually require large amount of halide salt under harsh acid conditions or the direct use of highly toxic halogen gases [28, 29, 37] . Imidazolium contains abundant nitrogen and halogen atoms, which can be employed as precursors for preparing nitrogen and halogen dualdoped carbons [40] . However, the direct use of imidazolium for carbonization suffers low carbonization yield [41, 42] . High yield of functional carbon materials could be obtained by exploiting porous precursors containing imidazolium halide [43] [44] [45] . Metal-organic frameworks (MOFs) constructed by organic linkers and metal ions are promising precursors and/or templates to endow the obtained porous carbon materials with uniform heteroatom-doping and large surface areas [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . However, up to now, there is only one example using imidazolium/MOF composites as precursors to obtain N/B dual doped carbon materials [48] . Furthermore, it is difficult to control the synthesis and distribution of heteroatoms in the carbon materials when imidazolium/MOF composites are used as precursors. On the contrary, the nitrogen and various halogen atoms can be introduced quantitatively when imidazolium-based linkers are used to construct MOF precursor. It would be easy to make nitrogen and halogen atoms be uniformly doped into the porous carbon materials for ORR.
Herein, nanoscale imidazolium-functionalized ZrMOFs were employed as precursors and carbonized to give porous N and halogen dual-doped nanocarbons (Scheme 1). For comparison, the N-doped nanocarbon was also prepared from the nanoscale imidazolefunctionalized Zr-MOFs. Among these nanocarbons, the N/Br dual-doped BrNC-800 with high porosity and surface area (1,165 m 2 g −1 ) exhibited an excellent performance with a positive half-wave potential of 0.80 V (vs. RHE) and a high diffusion-limited current density of 6.00 mA cm −2 at 0.2 V in alkaline media.
Furthermore, compared with the benchmark commercial Pt/C (Alfa Aesar, 20 wt%), BrNC-800 showed excellent long term stability, methanol tolerance and high catalytic efficiency (four-electron path selectivity) in ORR. 
EXPERIMENTAL SECTION

General experiments
Etim-UiO-66 (200 mg) was activated at 120°C under vacuum for 6 h before the MOF powder was placed into a quartz tube and annealed at 800°C for 4 h in flowing nitrogen atmosphere (0.1 MPa, 50 sccm) to give INC-800 or BrNC-800, respectively. The samples collected from the quartz tube were etched with 5% HF at room temperature to remove the residual zirconium species, followed by washing with distilled water and ethanol, and dried at 70°C for 12 h.
Preparation of NC-800 material NC-800 was prepared by the same process as that of BrNC-800 except that Im-UiO-66 (200 mg) was used as precursor. . Raman spectra of dried samples were obtained on Lab-RAM HR800 with excitation by an argon ion laser (532 nm). Elemental analyses of C, H, and N were carried out on an Elementar Vario EL III analyzer.
Characterizations
1 H NMR was performed at AVANCE III BrukerBiospin spectrometer, operating at 400 MHz. 12 mg Zr-MOF samples was dissolved in a mixed solvent of 500 μL DMSO-d 6 and 30 μL HF for NMR analysis. The morphologies of MOFs were studied using a (JSM-6700F) scanning electron microscope (SEM) working at 10 kV. The transmission electron microscopy (TEM) and high resolution TEM (HRTEM) images were obtained on a FEI T20 instrument at an accelerating voltage of 200 kV. The energy dispersive Xray spectroscopy (EDS) of samples were performed with a Titan Cubed Themis G2 300 (FEI) operated at 200 kV. Xray photoelectron spectroscopy (XPS) measurements were performed on an ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo Fisher) using an Al Kα source (15 kV, 10 mA). All electrochemical measurements were performed in IM6ex (Zahner, Germany) using three-electrode system at room temperature: Pt foil and an Ag/AgCl electrode in saturated KCl solution were used as counter and reference electrodes, respectively, while glassy carbon electrode with a diameter of 5 mm coated with our carbons as the working electrode. For preparation of working electrodes, 5 mg of the catalyst was dispersed in 1 mL of isopropanol and 40 μL of Nafion binder solution (5 wt%) under sonication for 1 h to form a homogeneous ink. Then 20 μL of the catalyst ink was loaded onto a glass carbon electrode (GCE, loading amount: 0.49 mg cm −2 ).
For comparison, Pt/C (20 wt% platinum) was conducted on the same electrochemical tests with a catalyst loading of 0.1 mg cm −2 . Before electrochemical measurements, pure nitrogen or oxygen gas was continuously purged into the electrolytic bath that was filled with 0.1 mol L 
where J, J L and J K are the measured current density, diffusion limiting current and the kinetic-limiting current density, respectively. ω is angular velocity of the disk; n is the number of electrons transferred in the reduction of one O 2 molecule. F is the Faraday constant (96,485 C mol 
RESULTS AND DISCUSSION
The preparations of imidazole-and imidazolium functionalized MOFs and subsequent pyrolysis to porous N-doped or N/halogen dual-doped nanocarbons under an N 2 atmosphere are illustrated in Scheme 1. Im-UiO-66 (Scheme S1) and (I − )Meim-UiO-66 were synthesized as our previous report [58] . (Br − )Etim-UiO-66 was synthesized in a similar post-synthetic ionization (PSI) method to that of (I − )Meim-UiO-66, but bromoethane was used.
As shown in Fig. S1a, PXRD (Fig. S5) , which can be comparable to corresponding nanocarbons.
As shown in Scheme 1, the porous nitrogen/halogen dual-doped nanocarbons, denoted INC-800 and BrNC-800, were prepared by annealing (I − )Meim-UiO-66 or (Br − )Etim-UiO-66 at 800°C in nitrogen atmosphere and followed by acid etching to remove zirconium species. For comparison, nitrogen-doped nanocarbon NC-800 was also fabricated from Im-UiO-66 under the same conditions. As shown in Fig. 1a , these porous nanocarbons showed similar PXRD patterns with two broad peaks at around 24°and 44°, corresponding to the characteristic peaks of graphitic carbon (002) and (101) [59, 60] . No other phase peak was found in PXRD patterns of these nanocarbons, suggesting that zirconium species was removed by acid etching. ) intensity, respectively), in Fig. 1b , were 0.97, 0.96 and 0.99 for NC-800, INC-800 and BrNC-800, respectively, indicating lots of defects in the nanocarbons, which could provide large amounts of active sites to promote electrocatalysis [61] . Moreover, broad 2D peaks at ca. 2,867 cm −1 further indicated highly graphitized structure in these nanocarbons [62] . The high graphitization degree is beneficial for improving electric conductivity to enhance electrocatalysis activity. The morphologies of the nanocarbons were investigated by SEM and TEM. As shown in Fig. S5 , the resultant porous heteroatom doped nanocarbon materials, NC-800, INC-800 and BrNC-800 retained the shapes of their corresponding parent MOF nanoparticles with very similar sizes between 20 and 30 nm (Fig. 2 and Fig. S5 ), which could increase exposed active sites to enhance activity. The HRTEM images (Fig. 2d, Fig. S6) showed that an interplanar space of 0.34 nm at the edge of three nanocarbon materials indicated the formation of graphic carbon, being in consistence with the XRD results [9, 63] .
The elemental analysis revealed that the N contents of NC-800, INC-800 and BrN-C800 were 5.44, 5.03 and 5.12 wt%, respectively, which were in accordance with XPS results (Table S2 ). These results indicated that the highly dispersed N atoms in MOF precursors have been incorporated into the corresponding nanocarbons. The N 1s spectra of all the nanocarbons (Fig. 3) were deconvoluted into four different binding energy peaks, pyridinic-N (398.3±0.1eV), pyrrolic-N (399.8±0.1eV), graphitic-N (401.1±0.1eV) and pyridine-N-oxide (403.3 ±0.2eV), respectively [64] . In general, the carbons neighbouring to pyridinic-N and graphitic-N species are considered as active sites to promote ORR [65] . As shown in Fig. 3d , graphitic-N species (46.9%) was dominant in BrNC-800, which has more graphitic-N and pyridinic-N species (73.3% in total) than NC-800 (63.8%) and INC-800 (58.6%), It is estimated that BrNC-800 show higher activity in the electrocatalytic ORR process [23, [66] [67] [68] . In addition, EDS ( Table. S3) revealed that INC-800 and BrNC-800 contained 4.67 wt% iodine and 0.43 wt% bromine, respectively. The XPS (Fig. S7 ) spectrum suggests that both covalent and ionic halogen elements (I or Br) have been incorporated into the corresponding nanocarbons [22] . It was deemed that the highest electronegativity (χ) of bromine (2.96) and iodine (2.66) in covalently doped carbon network might impact a relatively high positive charge density on adjacent carbon atoms and thus enhance oxygen reduction activity [28, 29, 36] . In short, XPS analysis of the XNC-800 (X= Br, I) catalysts revealed the active pyridine-and graphitic-N with active C-X bond in the porous nanocarbons.
The nitrogen sorption isotherms of all three nanocarbons have been measured and can be essentially classified as type I, but with relatively high slopes in the P/P 0 pressure range of 0.85-1.00 (Fig. 4a) . The obvious deviation from an ideal type I isotherm in INC-800 and BrNC-800 indicated that larger pores were formed by the resultant nanocarbons (Fig. 2) . The BET surface area for INC-800, NC-800 and BrNC-800 were 633, 902 and 1,165 m 2 g −1 , respectively. It should be noted that the hierarchical porous BrNC-800 have a high pore volume of 2.40 cm 3 g −1 , which is larger than those of INC-800
(1.65 cm 3 g −1 ) and NC-800 (0.97 cm 3 g
−1
). In addition, both of BrNC-800 and INC-800 contained large amounts of mesopores in the range of 2.2-40 nm (Fig. 4b) . The different BET surface area and porous features of resultant nanocarbons may be related to the bulky groups and halogen ions during the carbonization. It is expected that hierarchical porous nanocarbons could expose sufficient active sites and promote mass transfer, leading to high catalytic activity [32, [69] [70] [71] .
LSV curves were tested to the ORR performance of the nanocarbons (Fig. 5a) . Among the nanocarbons, BrNC-800 shows the highest activity with the most positive onset potential of 0.96 V (vs. RHE) and half-wave potential of 0.80 V (vs. RHE), which were comparable to those of the commercial Pt/C (20 wt%, Alfa Aesar) (E onset =0.95 V and E 1/2 =0.81 V, respectively). Moreover, BrNC-800 shows a higher diffusion-limiting current density of 6.00 mA cm −2 than the commercial Pt/C of 5.16 mA cm -2 at 0.2 V (vs. RHE) under a rotation rate of 1,600 rpm. The K-L plots for BrNC-800 with approximately parallel fitting lines (Fig. 5b) indicate that the firstorder reaction kinetics of O 2 in oxygen reduction reaction is fast, approaching potential-independent electron transfer rate [72] . Furthermore, the high ORR activity of BrNC-800 is further suggested from the low Tafel slope of 84 mV decade −1 , indicating its fast reaction kinetics (Fig. 5c) . RRDE measurements were used to further to confirm its electron transfer number. As shown in Fig.  5d , the yields of two-electron product H 2 O 2 by BrNC-800 are less than 9% at the potentials from 0.3 to 0.8 V, indicating an efficient four-electron transfer process. The electron transfer numbers (n) for BrNC-800 calculated are 3.82-3.92, which are very close to that of Pt/C (n=3.95).
Compared with NC-800, INC-800 and other MOFsderived carbons (Table S4) , BrNC-800 exhibited superior ORR catalytic activity most likely due to its high contents of pyridinic-N and graphitic-N species (Fig. 3c) . This was in accordance with the previous literatures where the carbons adjacent to pyridinic-N or graphitic-N species were the active sites for ORR [21, 65, 73, 74] . Secondly, the higher BET surface area and hierarchical porous structure features (Fig. 4) of BrNC-800 could greatly drive the electrolyte to the active sites, thus promoting ORR performance and showing higher diffusion-limited current [66, 75] . Thirdly, we proposed that the electronegativity of halogen could affect the electronic configuration of active carbon sites in the nanocarbons. BrNC-800 showed higher positive onset potential (0.96 V) than that of NC-800 (0.89 V) partially because the bromine with higher electronegativity (χ Br =2.96) than carbon (2.55) could polarize the adjacent carbon atoms to activate O 2 [21] . The electronegativity of iodine (χ I =2.66) is close to carbon (2.55), and thus INC-800 showed a similar onset potential with that of NC-800. In addition, the higher graphitization in BrNC-800 (Fig. 1b) Figure 4 was further verified by the electrochemical impedance spectroscopy (EIS) measurement. The Nyquist plots (Fig. S8) revealed that the minimum semicircle of BrNC-800 implied the best conductivity among the three nanocarbons. This high graphitization could accelerate the electron transfer, thus enhancing their electrocatalytic performance.
The stability of electrocatalyst is critical to robust operation in practical applications. The durability of BrNC-800 and the commercial Pt/C was assessed by using current-time chronoamperometry at 0.4 V in O 2 -saturated 0.1 mol L −1 KOH (Fig. 5e) . After 10 h of continuous polarization, only 7% current density loss was observed in BrNC-800, while that of Pt/C was 31%, which exemplified the longer durability of BrNC-800. Furthermore, methanol crossover tolerance experiments for BrNC-800 and Pt/C were also conducted within and without 1 mol L −1 methanol aqueous solution in O 2 -saturated 0.1 mol L −1 KOH (Fig. 5f ). When methanol was injected, the current of Pt/C dropped sharply while that of BrNC-800 remained almost unchanged, demonstrating that BrNC-800 can tolerate methanol.
CONCLUSIONS
In conclusion, we fabricated porous N/halogen dualdoped nanocarbons by using imidazolium-functionalized MOFs as precursors and templates. The N/Br dual-doped BrNC-800 exhibited excellent ORR performance with positive onset potential of 0.96 V, which was comparable to the commercial Pt/C. Furthermore, BrNC-800 showed excellent longer-term stability and methanol tolerance. The excellent ORR performance for BrNC-800 might be attributed to the high contents of pyridinic-N and graphic-N, the synergistic effects of strong electronegative N/Br dual-doping and hierarchically porous structure and high surface area. This work provides a facile route from MOFs to fabricate highly efficient and stable heteroatoms-dual-doped carbon electrocatalysts for energy storage and conversion. 
